This paper describes about the joint strength and their improvement of a type 5052 aluminum alloy (A5052) autocompleting friction welded joint, that welding method was developed by authors. When the joint was made at a friction pressure of 60 MPa, it had approximately 75% joint efficiency at a groove bottom thickness of 1.1 mm with an overhanging length of the weld faying surface part (overhanging length) for the fixed workpieces of 15 mm. Those joints had the flexural deformation of the fixed workpiece during the welding, although those had the circumferential shear fracture by the increasing insert thickness with reliability. To reduce the flexural deformation of the fixed workpiece, the joint was made with an overhanging length for the fixed workpieces of 5.0 mm. The joint had 100% joint efficiency with the base metal fracture at a groove bottom thickness of 1.4 mm which was made at a friction pressure of 80 MPa, although that did not achieve 100% joint efficiency at a friction pressure of 60 MPa. In addition, the joint with a groove bottom thickness of 1.3 mm or thin did not achieve 100% joint efficiency, and that with 1.5 mm or thick did not have the circumferential shear fracture. To obtain the generating of the circumferential shear fracture with reliability during the friction process and 100% joint efficiency with the base metal fracture, the joint should be made with thick insert piece, opportune groove bottom thickness of the insert piece, short overhanging length for the fixed workpieces, and relatively high friction pressure.
Introduction
Friction welding is a well-known solid state joining method. Since this welding method is very useful for joining dissimilar materials, it is widely used in the automobile industry and applied to fabricate such important parts as drive shafts, crank shafts, and engine valves. However, the conventional and most common types of friction welding has some problems such as the difficulty of welding the square shape workpiece, a heavy weight workpiece, and so on. Hence, a center drive type of friction welding is desirable to be applied to welds of such shapes of workpieces.
(1), (2) This type of friction welding method is also effective to weld such long components as pipelines.
(3)− (9) In a previous work, (10) the authors developed a center insert drive friction welding method using a friction welding machine equipped with a center drive gear system. This machine is composed of the center drive gear system with a simple mechanics, and a flat disk type insert piece less than 10 mm thick was inserted into a center gear supported by the drive gears connected to a drive motor and assembled. In addition, the authors developed an autocompleting friction welding method for making a joint using a rotating insert piece set between fixed workpieces. (11) Figure 1 schematically illustrates the concept for the thickness at the bottom of the groove part for the insert piece (referred to as the groove bottom thickness) by an autocompleting friction welding method in relation to the friction torque curve. Autocompleting friction welding method automatically completes the friction welding with a shear fracture in the circumferential direction (referred to as the circumferential shear fracture) at the groove part of the insert piece when the friction torque reached the initial peak using a suitable (optimal) groove bottom thickness of the insert piece, as shown in Fig. 1 . This method provides friction welding that is simultaneously finished without a special control system such as braking equipment. In particular, this method also presents more advantages than the conventional friction welding method, i.e. less axial shortening (burn-off) and less flash (burr or collar). However, those results were obtained using various steels which have relatively good weldability. (11)−(14) Further investigation is necessary to clarify the properties of the joints made by other materials such as aluminum (Al) for the adaptability of an autocompleting friction welding method due to the weldability of those materials differed with steels. In particular, this method must be applied to such practical materials as Al alloys for industrial use, since they have more high specific strengths and excellent corrosion resistance than steels. On the other hand, it is possible to improve the mechanical properties through work hardening or heat treatment for Al alloys. However, since the mechanical properties of welded joints are remarkably debased due to heat input, especially Al alloys are difficult to weld. (15) Thus, to adapt of an autocompleting friction welding method for welding of Al alloys is more strongly required. This study, which presents the joint strength of Al alloys welded joints made by an autocompleting friction welding method, investigates the effect of the groove bottom thickness of the insert piece on the joining phenomena and the joint mechanical properties. In this report, the authors present the tensile strengths of Al alloys autocompleting friction welded joint at various groove bottom thicknesses, under various friction welding conditions. The authors also show that the improvement of both the generating timing of the circumferential shear fracture during the friction process and the tensile strength of the joint by the shape change of the insert piece and the fixed workpieces. Furthermore, the authors also show that a relatively good joint such as a base metal fracture for Al alloys could be made by the autocompleting friction welding method.
Experimental procedures
The material used was multipurpose aluminum-magnesium alloy (type 5052-H112 aluminum alloy, referred to as A5052). The type of this material is a generally well-known weldable alloy and widely used in industry, such as transportation machines field. Three kinds of A5052 having different size and their tensile properties were used for this experiment, be- Vol.7, No.4, 2013 cause they were purchased at different times. In this connection, the work hardening treatment condition of those materials was accord, since the welded joint was affected by the work hardening treatment condition. (16) Of these materials, the plate with a thickness of 12 mm was used as the insert piece, and rods of 16 or 95 mm were used as the fixed workpiece. The chemical composition of 12 mm plate was 0.07Si-0.25Fe-0.00Cu-0.00Mn-2.55Mg-0.17Cr-0.01Zn in mass%, its ultimate tensile strength was 206 MPa, its 0.2% yield strength was 122 MPa, and its elongation was 24%. The chemical composition of 16 mm rod was 0.12Si-0.19Fe-0.05Cu-0.03Mn-2.50Mg-0.18Cr-0.02Zn in mass%, its ultimate tensile strength was 188 MPa, its 0.2% yield strength was 73 MPa, and its elongation was 35%. Also, the chemical composition of 95 mm rod was 0.06Si-0.16Fe-0.01Cu-0.01Mn-2.60Mg-0.25Cr-0.01Zn in mass%, its ultimate tensile strength was 200 MPa, its 0.2% yield strength was 81 MPa, and its elongation was 36%. The 12 mm plate was cut in a square shape, and machined to a groove inner diameter of 11.0 mm with a groove width of 2.0 mm, as shown in Fig. 2a . Then the thickness of the insert piece (referred to as the insert thickness) of t was machined to 4.0 and 8.0 mm, the groove bottom thickness of t g was machined from 0.7 to 1.6 mm, and the drill holes were processed for mounting of the center gear. On the other hand, two kinds of rods (16 and 95 mm rods) were used as the fixed workpiece. Of those rods, the 95 mm rods were cut in a rectangular shape along the rolling direction and then machined to a 16 mm diameter. Then, all rods were machined to a 10 mm diameter as the weld faying surface with a 14 or 16 mm diameter as the chucking part, as shown in Fig. 2b . Moreover, the overhanging length of the weld faying surface part (referred to as the overhanging length) for the fixed workpiece of L was prepared to 15.0 and 5.0 mm. All weld faying surfaces of specimens were polished with a surface grinding machine before joining in order to eliminate the effect of surface roughness on the mechanical properties of joints. The joints were made by using a center insert drive friction welding machine devised by the authors. (10) This machine is composed of a center drive friction welding machine with a center drive gear system, as shown in Fig. 3 . This machine also had the friction torque measured system, which was measured through load cell. Two load cells for measuring friction 
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Vol. 7, No.4, 2013 Fig . 4 General view of center gear part of center insert drive friction welding machine. Table 1 Combination of friction welding specimens in this study.
torque were set under the shafts that connected the arms with the left and right sides fixed chucks. An insert piece as shown in Fig. 2a was attached to the center gear using the drill holes and put into a center gear supported by the drive gears. That was set into between two fixed workpieces as shown in Fig. 4 , and then those were welded. The friction and forge pressures were applied through the hydraulic cylinders that arranged the backside of both fixed chucks. The detailed characteristics of the insert center drive friction welding machine were previously described. (10) To obtain the good joint, the authors carried out with the combination of the friction welding specimens as shown by Table 1 . During friction welding operations, the friction welding condition was set to the following combinations: a friction speed of 27.5 s −1 (1650 rpm) and friction pressures of 36, 60 and 80 MPa. A pre-friction pressure was not loaded, and a forge pressure was applied at an identical friction pressure. The friction torque was measured with load cells and recorded with a personal computer through an A/D converter at a sampling time of 0.05 or 0.015 s. In this case, the sufficient data could be obtained in order to understand the joining phenomena of the friction stage although the friction torque measured with the load cell lacked continuity in the stepwise part will be showed later. The quality of joint strength was based on the joint tensile test. The flash and the holding part of the insert piece were removed from the joint for the tensile test. That is, all joint tensile test specimens were machined to 10 mm diameters and 35 or 48 mm in parallel length. Then, the joint tensile test was carried out with as-welded condition at room temperature. In this connection, it was confirmed that the obtained tensile strength of the joint was not affected with the difference of the parallel length of the joint tensile specimen.
Results and Discussion
Friction torque curve and cross-section of joint
At first, the authors carried out with the experimental combination 1, as shown in Table 1 . Figure 5 shows the friction torque curves and the cross-sections of the joints. These joints were made at following conditions: a groove bottom thickness for the insert piece of t g =0.8 mm and a friction pressure of 36 MPa. In this case, the friction torque curve and the cross-section of the joint were obtained as two types shown in Fig. 5 . In case of type A joint as shown in Fig. 5a , the friction torque increased with increasing friction time, and then that had obtained approximately 6 Nm on one side of the weld interface at a friction time of about 8.0 s even though those values of the left and right sides had a scattering. That is, the friction torque was reached to the initial peak at this friction time, although it was unclear in comparison with low carbon steel joint at the same friction pressure. (11) Then, the friction torque rapidly decreased at a friction time of about 1.1 s. The holding part of the insert piece was completely removed from this joint, but the entire weld interfaces were not joined. Therefore, it was indicated that this joint had the circumferential shear fracture at the groove part of the insert piece. On the other hand, the friction torque was not rapidly decreased and it was maintained until a setting friction time in case of type B joint as shown in Fig. 5b . The holding part of the insert piece was not removed from this joint, i.e. the circumferential shear fracture was not able to be occurred at the groove part of the insert piece. Thus, the joint had a scattering for the generation of the circumferential shear fracture at the same groove bottom thickness. The same result was also obtained at a groove bottom thickness of t g =0.85 mm. In addition, the joint with a groove bottom thickness of t g =0.75 mm or thin had the circumferential shear fracture before the friction torque reached to the initial peak, and that with a groove bottom thickness of t g =0.9 mm or thick did not have the circumferential shear fracture (data not shown due to space limitations). Hence, it was clarified that the circumferential shear fracture with reliability was not obtained at these groove bottom thicknesses and this friction pressure. These results resembled those with combination of dissimilar materials, although the groove bottom thickness of the insert piece, the insert thickness, and applying friction pressure were differed. Figure 6 shows the relationship between the groove bottom thickness and the joint effi-
Journal of Solid Mechanics and Materials Engineering
Vol.7, No.4, 2013
Joint tensile strength
Journal of Solid Mechanics and Materials Engineering
Vol. 7, No.4, 2013 ciency of joints made at friction pressures of 36 and 60 MPa. In this case, the joint efficiency was defined as the ratio of the joint tensile strength to the ultimate tensile strength of the base metal of the fixed workpiece. Figure 7 shows the examples of the appearances of the joint tensile test specimens after tensile testing. The joint was made with an insert thickness of t=4.0 mm and an overhanging length for the fixed workpieces of L=15.0 mm. When the joint was made at a friction pressure of 36 MPa, it had approximately 18% joint efficiency at a groove bottom thickness of t g =0.7 mm, as shown in Fig. 6a . The joint fractured at the weld interface, as shown in Fig. 7a . The joint efficiency increased with increasing groove bottom thickness and it had approximately 39% at a groove bottom thickness of t g =0.75 mm. When the joint was made with groove bottom thicknesses of t g =0.8 and 0.85 mm, two types of joints were obtained as shown in Fig. 5 . Of these results, the joint with a circumferential shear fracture had similar efficiency at a groove bottom thickness of t g =0.75 mm, as shown in Fig. 6a . However, the joint without a circumferential shear fracture had approximately 55% efficiency. That is, the joint efficiency without a circumferential shear fracture was higher than that with a circumferential shear fracture. Moreover, the joint efficiency with a groove bottom thickness of t g =0.9 mm or thick had approximately 65% although these joints did not have the circumferential shear fracture. On the other hand, when the joint was made at a friction pressure of 60 MPa, it had approximately 75% joint efficiency at a groove bottom thickness of t g =1.1 mm, as shown in Fig. 6b . The joint had the circumferential shear fracture as shown in Fig. 5a . However, all joints did not have the circumferential shear fracture when joints were made with a groove bottom thickness of t g =1.15 mm or thick. That is, many joints of those did not achieve 100% joint efficiency with the mixed mode fracture. In addition, the weld interface of some joints had the cracks as shown in Fig. 7c , although those fractured from the base metal. Therefore, the joint, which was made with an insert thickness of t=4.0 mm and an overhanging length for the fixed workpieces of L=15.0 mm, had the generating of the circumferential shear fracture with reliability during the friction process and 100% joint efficiency with the base metal fracture was not obtained. In this connection, it was confirmed that the joint with the base metal fracture did not rupture from the softened or hardened regions, these data were not shown.
Influence of insert thickness
To clarify the effect of the insert thickness on the joining phenomena and joint strength, the properties of the joint with using the thick insert piece were investigated, i.e. the experimental combination 2 in Table 1 was carried out. Figure 8 shows the friction torque curve and the cross-section of the joint. This joint was made at following conditions: a groove bottom 
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Vol. 7, No.4, 2013 Fig . 9 Relationship between groove bottom thickness and joint efficiency of joints: insert thickness of t=8.0 mm, overhanging length for fixed workpieces of L=15.0 mm, and friction pressure of 60 MPa.
thickness for the insert piece of t g =1.3 mm and a friction pressure of 60 MPa. The friction torques increased with increasing friction time, although the values of the left and right sides had a scattering. Then, the friction torque rapidly decreased at a friction time of about 0.5 s.
The joint had the circumferential shear fracture at the groove part of the insert piece, but the entire weld interfaces were not joined completely. In addition, the joint with a groove bottom thickness of t g =1.4 mm or thin had the circumferential shear fracture, and that with a groove bottom thickness of t g =1.5 mm did not have it. Figure 9 shows the relationship between the groove bottom thickness and the joint efficiency of the joint. The joint with a groove bottom thickness of t g =1.1 mm had approximately 66% efficiency with the mixed mode fracture. Then the joint efficiency increased with increasing groove bottom thickness, it had approximately 92% at a groove bottom thickness of t g =1.2 mm. Of these results, one of joints had 100% efficiency with the base metal fracture. The joint efficiency at a groove bottom thickness of t g =1.3 mm was similar to that of t g =1.2 mm. However, all joints had approximately 87% efficiency at a groove bottom thickness of t g =1.5 mm without the circumferential shear fracture. Therefore, the joint did not also have 100% efficiency with the base metal fracture at an insert thickness of t=8.0 mm, although it had the generating of the circumferential shear fracture with reliability during the friction process. Figure 10 shows an example of the joint appearance. This joint was made at following 
Vol. 7, No.4, 2013 conditions: a groove bottom thickness for the insert piece of t g =1.3 mm and a friction pressure of 60 MPa. The outer surface lines of both fixed workpieces of the joint was not coinciding with the red broken lines, and those sides were deformed to the upper direction of this photo. That is, this joint had the flexural deformation of the fixed workpiece. Other many joints with an overhanging length for the fixed workpieces of L=15.0 mm had also similar flexural deformation of the fixed workpiece. In addition, the flexural deformation of the joint will be able to estimate a dependence on the loaded friction pressure, because it was able to estimate that the initial peak torque at a friction pressure of 60 MPa was larger than that of 36 MPa.
The newly formed plane at the weld interfaces, which was generated rubbed against each other, was able to be estimated to oxidize immediately after it exposed in atmosphere, (25) , (26) because the fixed workpiece was producing the flexural deformation. Hence, it was considered that the weld interfaces were not tightly rubbed, and the joint with an overhanging length for the fixed workpieces of L=15.0 mm was difficult to obtain 100% joint efficiency with the base metal fracture. That is, it is desirable that the joint is made with a short overhanging length for the fixed workpieces. Therefore, it seems that the flexural deformation of the fixed workpiece is influenced by the overhanging length for the fixed workpiece.
Influence of overhanging length for fixed workpiece
To reduce the flexural deformation of the fixed workpieces, the joint was made with an overhanging length for the fixed workpieces of L=5.0 mm, i.e. the experimental combination 
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Vol. 7, No.4, 2013 Fig . 13 Cross-sections of joints at various groove bottom thicknesses: insert thickness of t=8.0 mm, overhanging length for fixed workpieces of L=5.0 mm, and friction pressure of 60 MPa.
3 in Table 1 was carried out. Figure 11 shows an example of the joint appearance, that was made with a groove bottom thickness of t g =1.3 mm at a friction pressure of 60 MPa. The joint did not have the flexural deformation of the fixed workpiece. That is, the flexural deformation of the fixed workpiece on the joint was able to be reduced, of which was able to be made by a short overhanging length for the fixed workpieces. Figure 12 shows the relationship between the groove bottom thickness and the joint efficiency. When the joint was made at a groove bottom thickness of t g =1.3 mm or thin, it had the circumferential shear fracture, but those did not achieve 100% joint efficiency. The joint at a groove bottom thickness of t g =1.4 mm or thick did not have the circumferential shear fracture, although one of joints had 100% efficiency with the base metal fracture. Therefore, the joint did not also have 100% efficiency with the base metal fracture with a short overhanging length for the fixed workpieces. Figure 13 shows the cross-sections of the joints at various groove bottom thicknesses. When the joint was made with a groove bottom thickness of t g =1.3 mm, it had the not-joined region at the weld interface as shown in Fig. 13a although that had the circumferential shear fracture. On the other hand, the not-joined region area of the joint at a groove bottom thickness of t g =1.4 mm was decreased as shown in Fig. 13b . However, this joint did not have the circumferential shear fracture. That is, the weld interfaces were not joined completely at a friction pressure of 60 MPa. Therefore, to reduce of the not-joined region at the weld interface, it is desirable to make the joint with opportune friction pressure which was higher than this value.
Improvement of joint with 100% efficiency with base metal fracture
To obtain the generating of the circumferential shear fracture with reliability during the friction process for the joint with 100% efficiency and the base metal fracture, the joint was made with a friction pressure of 80 MPa, because high friction pressure condition will be possible to improve the joining at the weld interface. Figure 14 shows the relationship between the groove bottom thickness and the joint efficiency. The joint at a groove bottom thickness of t g =1.3 mm had approximately 77% joint efficiency with the mixed mode fracture although it had the circumferential shear fracture. When the joint was made at a groove bottom thickness of t g =1.4 mm, all joints had 100% joint efficiency with the base metal fracture and those had the circumferential shear fracture. However, when the joint was made with a groove bottom thickness of t g =1.5 mm or thick, some joints did not have the circumferential shear fracture although those had approximately 100% joint efficiency. That is, the joint at a groove bottom thickness of t g =1.4 mm had the circumferential shear fracture, and that also achieved 100% joint efficiency with the base metal fracture. Figure 15 shows an example of the appearance Vol.7, No.4, 2013 of the joint tensile test specimen with the base metal fracture after tensile testing. The joint had crack at the weld interface, which was indicated by red arrow, although it fractured from the base metal. However, the crack was smaller than that of an overhanging length for fixed workpieces of L=15.0 mm as shown in Fig. 7c , because this joint was made with high friction pressure. In this connection, it is considered that the joint with more high friction pressure will not be able to obtain the base metal fracture, because the center region at the weld interfaces will be not joined completely. (27) Therefore, the joint which had the circumferential shear fracture with reliability was able to obtain by thick insert piece, opportune groove bottom thickness of the insert piece, short overhanging length for the fixed workpieces, and relatively high friction pressure such as 80 MPa, although further investigation is necessary to obtain the joint with no crack at the weld interface.
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Conclusions
This paper describes the joint strength and their improvement of a type 5052 aluminum alloy (A5052) autocompleting friction welded joint, that welding method was developed by the authors. The joint was made with a weld faying surface diameter of 10 mm, and a friction speed of 27.5 s −1 . Then, the effect of the bottom thickness at the grooves (groove bottom thickness) of the insert piece, the thickness of its (insert thickness), and the overhanging length of the weld faying surface part (overhanging length) for the fixed workpiece on the joining phenomena and joint tensile strength were investigated. The following conclusions are provided.
( 1 ) When the joint was made with an overhanging length for the fixed workpieces of 15.0 mm at a friction pressure of 60 MPa or lower, it did not achieve 100% joint efficiency. Those joints had the flexural deformation of the fixed workpiece during the welding, although that had the circumferential shear fracture by the increasing insert thickness with reliability.
( 2 ) To reduce the flexural deformation of the fixed workpiece, the joint was made with an overhanging length for the fixed workpieces of 5.0 mm. The joint had 100% joint efficiency with the base metal fracture at a groove bottom thickness of 1.4 mm which was made at a friction pressure of 80 MPa, although that did not achieve 100% joint efficiency at a friction pressure of 60 MPa. In addition, the joint with a groove bottom thickness of 1.3 mm or thin did not achieve 100% joint efficiency, and that with 1.5 mm or thick did not have the circumferential shear fracture.
In conclusion, to obtain the generating of the circumferential shear fracture with reliability during the friction process and 100% joint efficiency with the base metal fracture, the joint should be made with thick insert piece, opportune groove bottom thickness of the insert piece, short overhanging length for the fixed workpieces, and relatively high friction pressure.
